Rationale: b 2 -Adrenergic receptor agonists accelerate resolution of pulmonary edema in experimental and clinical studies. Objectives: This clinical trial was designed to test the hypothesis that an aerosolized b 2 -agonist, albuterol, would improve clinical outcomes in patients with acute lung injury (ALI). Methods: We conducted a multicenter, randomized, placebocontrolled clinical trial in which 282 patients with ALI receiving mechanical ventilation were randomized to receive aerosolized albuterol (5 mg) or saline placebo every 4 hours for up to 10 days. The primary outcome variable for the trial was ventilator-free days. Measurements and Main Results: Ventilator-free days were not significantly different between the albuterol and placebo groups (means of 14.4 and 16.6 d, respectively; 95% confidence interval for the difference, -4.7 to 0.3 d; P ¼ 0.087). Rates of death before hospital discharge were not significantly different between the albuterol and placebo groups (23.0 and 17.7%, respectively; 95% confidence interval for the difference, -4.0 to 14.7%; P ¼ 0.30). In the subset of patients with shock before randomization, the number of ventilator-free days was lower with albuterol, although mortality was not different. Overall, heart rates were significantly higher in the albuterol group by approximately 4 beats/minute in the first 2 days after randomization, but rates of new atrial fibrillation (10% in both groups) and other cardiac dysrhythmias were not significantly different. Conclusions: These results suggest that aerosolized albuterol does not improve clinical outcomes in patients with ALI. Routine use of b 2 -agonist therapy in mechanically ventilated patients with ALI cannot be recommended. Clinical trial registered with www.clinicaltrials.gov (NCT 00434993).
the results of a small randomized phase II trial in which intravenous albuterol reduced the quantity of pulmonary edema as measured by a thermal method in patients with ARDS (20) .
We selected an aerosol route of delivery for the b-agonist in this trial because administration of b-agonists to the airspaces had reduced pulmonary edema in a preclinical model of acute lung injury (21) , and we considered it likely to be a safe method of delivery of a b 2 -agonist. Moreover, in patients with ALI who received conventional doses of nebulized albuterol by inhalation, the levels of albuterol in undiluted pulmonary edema fluid (22) were sufficient to stimulate alveolar fluid clearance in the ex vivo human lung (22) . Therefore, we conducted a multicenter, randomized, placebo-controlled clinical trial of aerosolized albuterol (also known as salbutamol) in patients with ALI to determine whether this therapy would increase ventilator-free days and decrease mortality. Preliminary data included in this article have been previously presented in abstract form (23) .
METHODS
Patients were enrolled from August 6, 2007 until July 7, 2008 at 33 hospitals of the National Heart, Lung, and Blood Institute ARDS Clinical Trials Network (Appendix for Network Participants). The trial was approved by the institutional review board at each hospital. Informed consent was obtained from patients or surrogates. A complete description of the methods used is available in the online supplement. Thirty-seven patients were coenrolled in a separate trial of a medical food and timing of enteral nutrition support (www.clinicaltrials.gov, NCT00609180).
Patients
To be eligible, a patient had to be intubated and receiving mechanical ventilation, have bilateral pulmonary infiltrates consistent with edema on frontal chest radiograph, have a ratio of Pa O 2 to FI O 2 (fraction of inspired oxygen) of 300 or less (adjusted for altitude as appropriate), and not have clinical evidence of left atrial hypertension. Exclusion criteria are shown in Figure 1 .
A centralized web-based system was used to randomize patients to receive aerosolized albuterol or placebo. Patients were stratified according to hospital and presence of shock.
Procedures for Aerosolized Study Drug
Aerosolized albuterol sulfate (5.0 mg dissolved in saline) or a sterile, preservative-free 0.9% sterile sodium chloride placebo (Nephron Pharmaceuticals, Orlando, FL) was administered every 4 hours for 10 days after randomization or for 24 hours after extubation, whichever occurred first. If a patient's heart rate repeatedly exceeded a predefined age-based limit (see the online supplement) during administration of full-dose study medication (5.0 mg of active study medication or equal volume of placebo) the dose was reduced to 2.5 mg of active drug or equivalent volume of placebo for subsequent treatments or discontinued altogether.
Primary and Secondary End Points
The primary efficacy end point was the number of ventilator-free days (VFDs), defined as the number of days from randomization to Day 28 after achieving unassisted breathing for patients who maintained unassisted breathing for at least two consecutive calendar days. If a patient achieved unassisted breathing, subsequently required additional assisted Figure 1 . Enrollment and outcomes. *Patients may have had more than one reason for exclusion. The full exclusion criteria are listed in the online supplement. **Pharmacy errors resulted in the wrong treatment being given for one patient in each study group. These patients were assigned and analyzed on the basis of the treatment received. MI ¼ mycocardial infarction.
breathing, and once again achieved unassisted breathing, we counted only the VFDs after beginning the final period of unassisted breathing. Patients who died before Day 28 were assigned zero VFDs. Mortality before hospital discharge with unassisted breathing on Day 60 and Day 90 were secondary efficacy end points. Patients alive and receiving unassisted breathing in the hospital on Day 60 or Day 90 were considered to have survived. The number of intensive care unit (ICU)-free days and the number of organ failure-free days (without Glasgow Coma Score) were measured as in previous trials (24) (25) (26) .
Mechanical Ventilation and Hemodynamic Management
Simplified versions of the lower tidal volume and fluid-conservative hemodynamic management protocols used in previous ARDS Network trials were used (see the online supplement) (24) (25) (26) .
Plasma Measurements
It was not possible to measure albuterol levels in the distal air spaces of the lung in this trial. To indirectly confirm that the delivery of aerosolized albuterol to the distal lung was sufficient, albuterol levels (NMS Labs, Willow Grove, PA) were measured in plasma obtained within 15 minutes of completion of administration of a dose of study drug on the day after enrollment in the first 100 patients. Endogenous catecholamines can also affect clearance of alveolar fluid through the same mechanism as albuterol (21) . To compare baseline endogenous catecholamines between study groups, plasma epinephrine levels (Quest, Tucker, GA) were measured before administration of the first study drug dose and then on Day 1 in the first 100 patients. To assess effects of albuterol on inflammation, plasma was sampled for measurements of IL-6 and IL-8 at baseline and on Day 3. (R&D Systems [Minneapolis, MN] is the manufacturer of the IL-6 and IL-8 ELISA kits.)
Trial Design and Statistics
With a maximal enrollment of 1,000 patients and four planned interim analyses, the trial had a statistical power of 90.7% to detect a 2.25-day increase in VFDs, assuming a standard deviation of 10.5 days. The study was monitored using a group sequential design and could stop for either efficacy (if albuterol increased VFDs) or futility (if there was a low probability that the trial could demonstrate such an increase) (see the online supplement for more details). Asymmetric stopping boundaries were designed using a and b spending boundaries as described by DeMets and Ware (zl ¼ 2.277, delta ¼ 1.663, zu ¼ 2.025, m ¼ 4, mu ¼ 3.3837) (27) . An independent Data and Safety Monitoring Board (DSMB) conducted interim analyses after the enrollment of 100 patients and again after 276 patients. The primary safety end points were the number of adverse events and the proportions of patients in whom study drug was reduced in dosage or prematurely discontinued because of tachycardia or arrhythmia. The DSMB was advised to consider mortality differences in deciding whether to stop the trial and could have allowed the trial to continue past either an efficacy or futility boundary.
Means and standard deviations are reported for baseline continuous variables.
Percentages are reported for baseline categorical variables, with differences assessed by t tests and chi-square tests, respectively. The continuous outcome variables, VFDs, ICU-free days, and organ failure-free days, are reported as means and standard deviations, with differences assessed by analysis of variance controlling for baseline shock. Logistic regression controlling for baseline shock was used to analyze mortality. Adjusted mortality rates were calculated with seven baseline mortality-predicting covariates derived from a previous study of similar populations (22, 23) . Kaplan-Meier curves were plotted for time to death and unassisted breathing. All analyses were performed with SAS 9.2 (SAS Institute, Cary, NC) on an intention-to-treat basis with two-sided P values equal to or less than 0.05 considered significant. Plus-minus values represent means 6 SD. * Scores for the APACHE III can range from 0 to 299, with higher scores indicating a higher probability of death. y Patients were monitored for cardiovascular, central nervous system, coagulation, renal, and hepatic failure.
RESULTS
There were 282 patients enrolled before the trial was stopped for futility by the DSMB. The DSMB stopped the trial because the observed ventilator-free day difference was unfavorable for albuterol treatment by -2.2 days, well past the futility boundary of -0.4 ventilator-free days. The numbers of patients who were screened, enrolled, and excluded are shown in Figure 1 . The study groups were well matched for most baseline demographic and physiological parameters (Table 1) . A numerically larger proportion of patients in the albuterol group had received vasopressors at baseline within 24 hours of randomization (53 vs. 45%).
The on-study clinical variables for Days 2 and 4 are summarized in Table 2 . Heart rate was modestly higher in the albuterol group than in the placebo group on Day 2 (P , 0.05). Vasopressor use continued to be greater after randomization in the albuterol group than in the placebo group on Day 2 (P , 0.01).
The primary outcome, the number of VFDs to Day 28, was not significantly different between study groups (Table 3) . Mortality before hospital discharge to Days 60 and 90 and the number of organ failure-free days were also not significantly different between the two groups ( Table 3 ). The number of intensive care unit-free days was lower in the albuterol group. The probabilities of survival and discharge while breathing without assistance in the albuterol and placebo groups are shown in Figure 2 .
Because there were trends at baseline toward greater vasopressor use (shock) in the albuterol group, we conducted an adjusted analysis to test for differences in mortality. The variables for adjustment were age, APACHE (Acute Physiology, Age, and Chronic Health Evaluation) III, plateau airway pressure, missing recorded plateau airway pressure, the number of organ failures, the number of hospital days before enrollment in the trial, and the alveolar-arterial oxygen difference, as previously described (25, 28) . With this adjustment, there was no significant difference in mortality before hospital discharge (Table 3) .
According to the predefined analysis plan, differences in the main outcomes between the albuterol and placebo groups were calculated both for the subset of patients whose baseline Pa O 2 / FI O 2 ratios were less than 200 (ARDS; 68% of the 282 enrolled patients) and for the subset of patients who were in shock at the time of randomization, defined as need for vasopressors except for dopamine (,6 mg/kg/min). There were no significant differences between albuterol and placebo patients for the main outcome variables in the ARDS subgroup (Pa O 2 /FI O 2 , 200) (Table  4) , but ICU-free days were significantly lower in the albuterol group in the shock subset (Table 5) . Mortality was not significantly different in this subgroup.
Because b 2 -agonists can reduce inflammation, we measured concentrations of two proinflammatory cytokines that were reduced by a lower tidal volume strategy in a previous study (28) . However, we found that the concentrations of IL-6 and IL-8 in the plasma were not significantly different between the placebo and albuterol groups at either baseline or on Day 3 (Table E1 in the online supplement).
Plasma epinephrine concentrations were 10 29 M or less in most patients, even those in shock (Table E2 and Figure E1 ). On the basis of previous studies, this level of epinephrine should not have stimulated the resolution of alveolar edema (29, 30) . Baseline epinephrine levels were significantly higher in the albuterol-treated patients, although this difference was modest. There were no significant differences in the levels of epinephrine on Day 1 between the groups (Table E2) .
There was no detectable plasma albuterol in any of the 50 placebo patients. In contrast, plasma albuterol levels were within the anticipated concentration range of approximately 10 28 M in 46 of the 51 albuterol study group patients. On the basis of studies in which plasma and pulmonary edema fluid levels of albuterol were compared after aerosolized albuterol delivery (22) , this concentration should have been sufficient to accelerate alveolar fluid clearance. The mean maximal change in heart rate in the 15 minutes after nebulization was 12.5 beats/minute in the albuterol group versus 10.4 beats/minute in the placebo group (P ¼ 0.01) ( Figure  3 ). Nebulization of study drug was interrupted because of tachycardia in 8 and 3% of patients in the albuterol and placebo groups, respectively (P ¼ 0.08). New onset of atrial fibrillation occurred in 10% of patients in both the albuterol and placebo groups (P ¼ 0.90). The number of adverse events (58 and 41 in albuterol and placebo groups, respectively; P ¼ 0.13) and events resulting in discontinuation of study drug (6 vs. 7 albuterol vs. placebo) were similar.
DISCUSSION
In this randomized clinical trial, there were no significant differences in the number of ventilator-free days, mortality or organ failure-free days between patients with ALI/ARDS who received aerosolized albuterol or placebo. Patients randomized to albuterol had numerically higher APACHE III scores and were numerically more likely to be in shock at baseline, but mortality was not significantly different after adjustment for these and other prognostic variables (Table 3 ). There were also no significant differences in any of the main outcomes in the predefined subgroup with baseline Pa O 2 /FI O 2 less than 200. ICU-free days were fewer with albuterol in the predefined shock subset, although VFDs and mortality were not significantly different.
This trial was stopped by the DSMB because the primary end point, VFDs, had crossed predefined futility boundaries, making the probability of a positive trial low. Our asymmetric stopping boundaries were designed to stop early if the trial was unlikely to show benefit if continued to 1,000 subjects. We did not design the study with symmetric stopping boundaries because we did not think it was scientifically or ethically justified to prove that albuterol was harmful. The stopping boundary for the VFD difference (albuterol -placebo) at the time of the DSMB meeting that stopped the trial (266 patients at that time) was -0.4 ventilator-free days. The observed ventilator-free day difference was -2.2 days, well past the futility stopping boundary. We had designed the trial to detect a benefit of 2.25 ventilator-free days. The likelihood of detecting this difference if the study continued to 1,000 patients was small. In addition, the mortality trend was also unfavorable for the albuterol group at the time of the DSMB recommendation to stop the trial. Thus, there was even some concern that albuterol could be harmful. Thus, all of these issues combined with the low likelihood for success with albuterol treatment resulted in the DSMB terminating the trial, which was in agreement with the a prioridetermined futility stopping rules.
Because the confidence intervals for mortality were wide at this early stopping point (-6.4 to 13.4% for adjusted analyses of mortality), it is not possible to completely exclude either clinical benefit (i.e., type II error) or harm, an issue that was well discussed in a prior editorial in this journal regarding another trial (31) . Early stopping, wide confidence intervals, and multiple comparisons also preclude a definitive conclusion of harm, although we recognize that there were significantly fewer ICU-free days in the albuterol-treated patients (Table 3) .
Patients were monitored for potential adverse effects from albuterol in this trial, including tachycardia, cardiac arrhythmias, and hypokalemia. Heart rates were modestly elevated in the albuterol group, but there was no evidence of serious adverse effects, including ventricular dysrhythmias or atrial fibrillation. However, it is possible that b-agonist therapy had an unrecognized adverse effect in the patients with ALI included in this trial. Cumulative fluid balance in this trial does not strictly reflect conservative fluid management as reported in a previous trial (26) . For this trial we used a simplified fluid-conservative protocol (included in the online supplement). This may explain why net fluid balance was greater in the current trial. In addition, the patient populations were somewhat different. The proportion of patients with shock was higher in the current trial than in the previous trial (approximately one-half vs. approximately onethird). This may account for some of the differences in cumulative fluid balance between studies, as the fluid management protocol does not apply when patients are in shock.
There are several possible explanations for why b 2 -adrenergic therapy did not improve outcomes in this clinical trial. First, aerosol delivery to edematous alveoli might have been inadequate. In an observational study, 2.5 mg of albuterol administered by aerosol inhalation to patients with ALI resulted in albuterol concentrations in undiluted pulmonary edema fluid of 10 26 M (22), which is on the plateau of the dose-response curve for increasing the rate of alveolar fluid clearance in the human lung (29, 30 ). In the current trial a higher dose of albuterol, 5.0 mg, was administered. Several additional measures were taken to maximize drug delivery (see the online supplement). Even with these measures, it is possible that the aerosolized drug was delivered predominantly to aerated, nonedematous alveoli. The aerosolized drug could then have been absorbed from the aerated alveoli, yielding the observed concentration of approximately 10 28 M albuterol in plasma but without adequate drug delivered to injured, edematous alveoli.
A second possible explanation for the lack of benefit of albuterol is that the injured alveolar epithelium may have been unable to respond to a b 2 -adrenergic agonist. A substantially intact alveolar epithelial barrier is required for net alveolar fluid clearance to occur (2) . Impaired alveolar fluid clearance is characteristic of patients with ALI (9, 10) and in experimental models of lung injury (4). Aerosolized study drug was administered for 10 days or for 24 hours after extubation, anticipating that in some patients, repair of the alveolar epithelium could require several days before b-agonists could up-regulate alveolar fluid clearance. Short-term experimental studies suggest that b 2 -agonists can decrease pulmonary edema in the early phase of lung injury (21) , but in many patients with ALI/ARDS the epithelium is denuded, with apoptosis and necrosis, and therefore may not be able to respond to b-agonists (11, 12) .
A third possibility is that down-regulation of b 2 -adrenergic receptors occurred during the course of albuterol therapy. However, most experimental studies suggest that down-regulation of b 2 -receptors is a minor factor (32, 33) . A fourth possibility is that there were differences between study groups in the proportions of patients with genetic variants that determine individual responses to b 2 -adrenergic stimulation in the distal lung epithelium, as reported in patients with asthma (34).
Last, it is possible that with lung-protective ventilation and a fluid-conservative hemodynamic strategy, there was little opportunity to further enhance alveolar fluid clearance with albuterol. In an experimental model of ALI, lung-protective ventilation with lower tidal volumes reduced pulmonary edema in part by up-regulating alveolar fluid clearance (35) . In addition, arterial oxygenation improved and plateau pressures were lower in a prior trial in patients with ALI/ARDS who received a fluid-conservative strategy (24) , suggesting that this approach reduced pulmonary edema.
Nebulized bronchodilators are used frequently in patients with acute respiratory failure without known airway disease (36) . Potential beneficial effects of this therapy include enhanced mucociliary clearance (37) , improved lung mechanics (38) , and decreased work of breathing (39) . The results of the present trial suggest that despite these potential beneficial effects, b-agonist therapy does not improve clinical outcomes. On the other hand, the cost of nebulized bronchodilator treatments can add several hundred dollars to the cost of medical care for acute respiratory failure (36) . Therefore, clinicians should carefully consider the circumstances under which they prescribe b-agonists in patients with ALI/ARDS. Last, the overall mortality in this 282-patient trial was 20.5% compared with 25.5% in the fluid-conservative arm of a previous ARDS Network clinical trial of hemodynamic strategies (40) . This lower mortality is particularly noteworthy because the proportion of patients who were in shock at the time of randomization was higher in the current trial than in the hemodynamic management trial (44 vs. 37%). These data suggest that outcomes from ALI and ARDS are better now because of improvements in supportive clinical care.
In summary, the results of this clinical trial suggest that aerosolized albuterol does not improve clinical outcomes in patients with ALI. Routine use of b 2 -agonist therapy in mechanically ventilated patients with ALI cannot be recommended.
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